The containment function of clay barriers used for waste containment applications ͑e.g., landfills͒ can be enhanced if such clays exhibit membrane behavior or the ability to restrict the migration of solutes ͑e.g., contaminants͒. In this regard, compacted specimens of a locally available natural clay known as Nelson Farm Clay ͑NFC͒, as well as NFC amended with 5% ͑dry weight͒ sodium bentonite, were evaluated for hydraulic conductivity, k, and the potential for membrane behavior. The membrane efficiencies of specimens of both soils compacted such that k was less than 10 −7 cm/ s were measured by establishing steady salt ͑KCl͒ concentration differences, −⌬C o , ranging from 3.9 to 47 mM across the specimens in a flexible-wall cell under closed-system boundary conditions. The measured membrane efficiency for the unamended NFC was negligible ͑i.e., Յ1.4%͒, even though the k was suitably low ͑i.e., k Ͻ 10 −7 cm/ s͒. In contrast, compacted specimens of the bentonite amended NFC exhibited not only lower k but also significant membrane behavior, with membrane efficiencies as high as 97.3% for −⌬C o of 3.9-mM KCl. The results suggest that natural clays typically suitable for use as compacted clay liners ͑CCLs͒ are not likely to behave as semipermeable membranes unless the clay is amended with bentonite or the clay is inherently rich in high swelling clay minerals ͑e.g., sodium smectite͒. The potential benefit resulting from membrane behavior in a CCL constructed with the bentonite amended NFC is illustrated analytically in terms of liquid flux.
Introduction
Recent research involving the use of clays as barrier materials for geoenvironmental containment applications ͑e.g., liners and vertical cutoff walls͒ has focused on the potential of such materials to behave as semipermeable membranes with improved solute ͑contaminant͒ restriction relative to that which would exist in the absence of such behavior ͑Malusis and Shackelford 2002a,b; Van Impe 2002; Manassero and Dominijanni 2003; Yeo 2003; Henning 2004; Lu et al. 2004; Dominijanni and Manassero 2005; Yeo et al. 2005; Kang 2008͒ . In this regard, experimental studies have focused on determining both the existence and magnitude of membrane behavior primarily in clays that are comprised either wholly or partially of high swelling smectite ͑e.g., montmorillonite͒, such as sodium bentonite, since such soils have been recognized to possess the ability to behave as a semipermeable membranes ͑Shackelford et al. Extensive research also has been conducted on the existence and magnitude of membrane behavior for a wide variety of compacted clays ͑e.g., McKelvey and Milne 1960; Kemper and Rollins 1962; Milne et al. 1962; Kharaka and Smalley 1976; Rolfe and Aylmore 1981; Whitworth and Fritz 1994; Keijzer et al. 1999; Keijzer and Loch 2001; Bader and Heister 2006͒ . The results of these studies have shown that membrane behavior can exist in compacted clays, although the magnitudes of the observed membrane behavior have ranged from virtually nil to substantial. However, none of these studies has focused on the potential for membrane behavior in naturally occurring clays ͑i.e., other than sodium bentonites͒ that would be suitable for use as compacted clay liners ͑CCLs͒ on the basis of the ability to achieve a suitably low hydraulic conductivity, k ͑e.g., k Ͻ 10 −7 cm/ s͒. Such an evaluation is important from the standpoint of the ability of membrane behavior to enhance the containment function of CCLs used for waste containment applications ͑e.g., landfills and surface impoundments͒.
Accordingly, the primary objective of this study was to evaluate the potential existence of membrane behavior in a compacted naturally occurring clay that would be representative of clays used as liners in waste containment applications. The secondary objective was to evaluate the effect of bentonite addition on the membrane behavior of the compacted clay.
Materials and Experimental Methods

Materials
The constituent soils used in this study included a locally available natural clay and a powered sodium bentonite. Compacted specimens of both the natural clay and the natural clay amended with 5% ͑dry weight͒ of the sodium bentonite were evaluated in this study.
The natural clay is known locally as Nelson Farm Clay ͑NFC͒ because the clay comes from the Nelson Farm area of Fort Collins, Colo. The powered sodium bentonite, sold commercially under the trade name NATURALGEL ͑Wyo-Ben, Inc., Billings, Mont.͒, is commonly specified for use in slurry trenching, diaphragm walls, and as a soil mixture additive. Both the NFC and the bentonite previously were evaluated for membrane behavior as constituents of SB backfills for use in SB vertical cutoff walls ͑Yeo et al. 2005͒ . As reported by Yeo et al. ͑2005͒ , the NFC contains 89% fines ͑i.e., % Ͻ 0.075 mm͒ and 11% sand, and the sodium bentonite is comprised of 100% fines. The NFC is classified as a low plasticity clay according to the Unified Soil Classification System ͑ASTM D2487͒, whereas the sodium bentonite is a high plasticity clay. Further details regarding the physical and chemical properties and mineralogy of the NFC and bentonite are provided by Yeo et al. ͑2005͒ .
Liquids
The liquids used in this study included tap water, deionized water ͑DIW͒, and electrolyte solutions containing potassium chloride ͑KCl͒ ͑certified A.C.S., Fisher Scientific, Fair Lawn, N.J.͒ dissolved in DIW at measured concentrations of 3. 9, 8.7, 20 , and 47 mM. Tap water was used in compaction of all specimens and as the permeant liquid for determining the hydraulic conductivity, k, of compacted specimens for the purpose of establishing zones of acceptable compaction based on achieving suitably low k values. The DIW and electrolyte solutions were used as circulating liquids during membrane testing of the compacted specimens. The source KCl solutions used in this study were the same as those used previously for membrane testing of a GCL to allow for a comparison of results ͑Malusis and Shackelford 2002a; Kang and Shackelford 2009͒ . Each electrolyte solution was mixed in a 20-L carboy, and electrical conductivity, EC, values of the permeant liquids were monitored over time using an electrical conductivity probe ͑Accumet AB30, Fisher Scientific Co., Pittsburgh͒.
Compaction of Specimens
Specimens of both the unamended NFC and the bentonite amended NFC were compacted in one lift into a mold with an inner diameter of 103 mm ͑4.1 in.͒ and a height of 29.1 mm ͑1.15 in.͒ corresponding to a compaction volume of 2.42ϫ 10 −4 m 3 ͑1 / 117 ft 3 ͒. Although these compaction molds are thinner than standard compaction molds ͑e.g., ASTM D698͒ typically used for compacting soils, thinner molds were preferred to reduce the membrane testing durations, which are affected by diffusion of invading solutes, such that shorter distances for diffusion correlate with shorter testing durations ͑Shackelford et al. 2003͒ .
Both the unamended and bentonite amended NFCs were compacted using tap water as the mixing water and three different compaction energies for development of an acceptable zone ͑AZ͒ for compaction associated with CCLs as recommended by Daniel and Benson ͑1990͒. The three compaction energies included the modified compaction energy ͑ASTM D1557͒, the standard compaction energy ͑ASTM D698͒, and a reduced compaction energy ͑Engineering Manual EM-1110-2-1906͒, which represents 60% of the standard compaction energy ͑15 versus 25 drops of the compaction hammer per lift͒. However, because of the smaller mold volume, the actual compaction energies for standard and reduced compaction represented 99.0 and 104% of those specified in ASTM D698 and EM-1110-2-1906, respectively, whereas the compaction energy for modified compaction was 100% of that specified in ASTM D1557. Values for the maximum dry unit weight, ␥ d,max , and optimum water content, w opt , were based on fitting a third-order polynomial to the compaction data as recommended by Howell et al. ͑1997͒ . The resulting compaction data for each clay and compaction energy are shown in Fig. 1 , and the values of ␥ d,max and w opt for each compaction curve are summarized in Table 1 .
As indicated in Table 1 , ␥ d,max for each of the two compacted clays decreased with decreasing compaction energy, whereas w opt increased with decreasing compaction energy, as expected. In addition, ␥ d,max for the unamended NFC was slightly greater than that for the bentonite amended NFC regardless of compaction energy and w opt for unamended NFC was slightly greater than that for bentonite amended NFC based on the modified and standard compaction energies ͑see Table 1͒ .
Development of AZs
Hydraulic conductivity, k, tests were conducted on compacted specimens of the unamended NFC and the bentonite amended NFC using flexible-wall permeameters ͑Daniel 1994͒. The purpose for performing the hydraulic conductivity tests was to de- velop an AZ for each soil that provides a range of dry unit weights, ␥ d , and gravimetric water contents, w, providing compacted specimens with values of k less than 10 −7 cm/ s, in accordance with standard procedure for CCLs ͑Daniel and Benson 1990͒. The developed AZs then were used as a basis for compacting specimens for membrane testing.
After establishing the compaction curves, compacted specimens of both the unamended NFC and the bentonite amended NFC were prepared for hydraulic conductivity testing. For the unamended NFC, six specimens were compacted over a range in water contents at each compaction energy resulting in a total of 18 compacted specimens, whereas five specimens of the bentonite amended NFC were compacted over a range in water contents at each compaction energy resulting in a total of 15 compacted specimens. After compaction, the compacted specimens were extruded from the compaction molds and placed into flexible-wall permeameters. The assembled specimens then were back pressured maintaining an effective stress of 34.5 kPa ͑5.0 psi͒ until a minimum B value of 0.95 was established in accordance with ASTM D5084. At the end of back-pressure stage, the cell ͑con-fining͒ pressure was 414 kPa ͑60.0 psi͒ and the back pressure was 379 kPa ͑55.0 psi͒.
Following the back-pressure stage, specimens were permeated with tap water as the permanent liquid. The falling headwaterrising tailwater method was used for permeation ͑ASTM D5084͒. Flow was induced from bottom to top of the specimen by changing the headwater pressure to 348 kPa ͑50.5 psi͒ and the tailwater pressure to 341 kPa ͑49.5 psi͒, resulting in a pressure difference of 6.9 kPa ͑1.0 psi͒, an average effective stress of 34.5 kPa ͑5.0 psi͒, and a hydraulic gradient on the order of 24. The tests were not terminated before both of the following criteria were achieved ͑ASTM D5084͒: ͑1͒ at least four consecutive volumetric flow ratios of outflow relative to inflow were within 1.00Ϯ 0.25 and ͑2͒ at least four consecutive k values were within Ϯ25% of the mean value for k Ն 1 ϫ 10 −8 cm/ s or within Ϯ50% for k Ͻ 1 ϫ 10 −8 cm/ s. The results of the hydraulic conductivity testing are summarized in Table 1 and illustrated in Fig. 2 . In general, the k values for the compacted specimens of the unamended NFC ranged from 1.5ϫ 10 −8 to 3.8ϫ 10 −5 cm/ s, whereas those for the compacted specimens of the bentonite amended NFC ranged from 3.2 ϫ 10 −9 to 4.1ϫ 10 −7 cm/ s. Thus, the bentonite addition reduced the k of the NFC by approximately one to two orders of magnitude. In addition, the highest measured k value was 3.8 ϫ 10
−5 cm/ s corresponding to a specimen of unamended NFC compacted using the reduced compaction energy, whereas the lowest k value was 3.2ϫ 10 −9 cm/ s corresponding to a specimen of bentonite amended NFC compacted using the modified compaction energy.
The AZs developed on the basis of the hydraulic conductivity test results are shown in Fig. 3 for both the unamended NFC ͓Fig. 3͑a͔͒ and the bentonite amended NFC ͓Fig. 3͑b͔͒. The zero In terms of the boundaries on the water content, w, for the AZs, the lower limits on w were arbitrarily assumed to coincide with the values of w opt corresponding to the modified compaction energies for each soil ͑i.e., 12.2% for unamended NFC and 11.5% for bentonite amended NFC͒, and the upper limits on w were assumed to coincide with the maximum value of w resulting in a measured k value Ͻ10 −7 cm/ s, corresponding to 95% of the maximum dry unit, ␥ d,max , for each soil based on the reduced compaction energy ͑i.e., 26.6% for unamended NFC and 25.0% for bentonite amended NFC͒. As indicated in Fig. 3͑b͒ , this approach resulted in a somewhat conservative AZ for the bentonite amended NFC in that the results of two tests indicating k Ͻ 10 −7 cm/ s were excluded from the AZ.
Specimen Preparation for Membrane Testing
For membrane testing, the specimen preparation consisted of a compaction stage and a flushing stage. The compaction stage consisted of compacting specimens to values of w and ␥ d that were within the AZ for the soil, such that the resulting specimens would be expected to achieve a suitably low hydraulic conductivity ͑i.e., k Ͻ 10 −7 cm/ s͒ consistent with that typically required for use as a CCL. The specimens were compacted in accordance with the standard compaction energy ͑ASTM D698͒ into the same size molds used for compaction in developing the AZ ͑i.e., 103-mm inner diameter and 29.1-mm thickness͒ using tap water as the mixing water. The purpose of the flushing stage was to reduce the amount of the soluble salts from the specimens to enhance the potential for membrane behavior, to increase the degree of saturation of the test specimens prior to membrane tests, and to measure the initial hydraulic conductivity for each specimen ͓e.g., Shackelford and Lee ͑2003͒, Shackelford ͑2009͔͒. For the flushing stage, the compacted specimens of unamended NFC and bentonite amended NFC were assembled directly within the rigid-wall permeameter shown schematically in Fig. 4͑a͒ ͑i.e., without extruding the specimens͒. The permeameter includes the compaction mold containing the compacted specimen, a rigid, stainless steel porous disk ͓3.175-mm ͑0.125-in.͒ thick, 316 SS material, 10-m pore size, Mott Corp., Farmington, Conn.͔, and a clear plastic ͑acrylic͒ reservoir all held together between top and bottom plates by three threaded tie rods spaced at 120°. The stainless steel porous disk was applied to the top of the specimen to prevent volume change ͑i.e., ⌬V =0͒ during permeation. The compacted specimen was placed on top of Whatman No. 2 filter paper resting on a porous stone situated within the based pedestal, and the top of the specimen was covered by the same filter paper and the stainless steel porous disk. O rings contained within grooved cavities machined into the top and bottom plates together with vacuum grease provide water-tight seals between the top, stainless steel porous disk, and bottom plates and the cylindrical cell.
After assembling the compacted specimen within the rigidwall permeameter, the permeameter was connected to headwater and tailwater accumulators and a controlled compressed air source, the reservoir was filled with DIW, and the specimen was permeated from bottom to top with DIW at an average hydraulic gradient of 204. The falling headwater and rising tailwater method ͑ASTM D5084͒ was used to permeate the compacted specimens, although the elevation head difference was only about 5% of the total head difference such that the test was essentially a constant-head test due to the constant difference in applied pressure head. This high of hydraulic gradient was considered necessary to minimize the duration of flushing, which could last several months based on previous experience ͓e.g., Malusis and Shackelford ͑2002a͒, Yeo et al. ͑2005͒, and Kang and Shackelford ͑2009͔͒. As previously noted, the presence of the rigid stainless steel porous disk confined the specimen such that volume change ͑swelling͒ was prevented during permeation. The permeation with DIW continued until the EC of the effluent from the specimen was a fraction of the EC associated with the lowest KCl concentration to be used in the subsequent membrane testing. After completion of the flushing stage, the permeameter was disassembled, and the compacted specimen was extruded and transferred to the flexible-wall membrane testing apparatus shown schematically in Fig. 4͑b͒ and described in detail by Kang and Shackelford ͑2009͒. After reassembling the specimen in the flexible-wall membrane cell, the specimens were back pressured at an effective stress of 34.5 kPa ͑5.0 psi͒ until a final confining stress of 207.0 kPa ͑30.0 psi͒ and a final back pressure of 172 kPa ͑25.0 psi͒. After equilibrium had been established, the drainage valves were closed to start the membrane testing stage. Volume changes ͑⌬V͒ were monitored versus time via the air-water interface within the cell-water accumulator attached to the flexiblewall membrane cell ͓Fig. 4͑b͔͒.
Membrane Testing Procedures
The same membrane testing procedures as described in detail by Kang and Shackelford ͑2009͒ were used in this study. These procedures consisted of circulating DIW through the top and bottom boundaries of the specimen at a constant circulation rate ͑4.2 ϫ 10 −10 m 3 / s͒ to establish a steady baseline pressure difference across the specimen. The membrane efficiency measurements then were initiated by circulating electrolyte solutions of KCl with different initial source concentrations ͑i.e., C ot = 3.9, 8.7, 20, and/or 47 mM͒ through the top piston at the same circulation rate while continuing to circulate DIW through the base pedestal ͑i.e., C ob =0͒.
Circulation of a given source KCl solution for a given stage of a test was continued until steady-state values of both the chemicoosmotic pressure difference, −⌬P ͑Ͼ0 since the positive x direction is assumed downward from the top of the specimen͒, across the specimen and EC in samples recovered from the circulations outflows across the top, EC top , and bottom, EC bottom , were achieved. Values for −⌬P were measured directly using a differential pressure transducer ͑Model DP15, Validyne Engineering Sales Corp., Northridge, Calif.͒ connected to the top and bottom boundaries of the specimen and indirectly as the difference between the boundary pressures at the top ͑u top ͒ and the bottom ͑u bottom ͒ of the specimen ͑i.e., −⌬u = u top − u bottom ͒ measured independently using two in-line pressure transducers ͑Model PX181-100G5V, OMEGA, Stamford, Conn.͒ denoted as T1 and T2, respectively, in Fig. 4͑b͒ .
The concentrations of KCl in samples of the circulation outflows from the top and bottom boundaries of the specimens, C t and C b , respectively, were estimated based on a calibration curve relating KCl concentration to EC and the measured values for EC top and EC bottom . This approach for estimating KCl concentrations assumes that only chloride ͑Cl − ͒ and potassium ͑K + ͒ contribute to the EC in the circulation outflows from the specimen boundaries. This assumption was expected to have been reasonable since the compacted soil specimens were permeated with DIW during the flushing stage prior to membrane testing to remove excess soluble salts from the pore water of the specimens. Diffusion of KCl into the specimen from the top boundary during circulation decreases the KCl concentration in the circulation outflow from the top such that C t Ͻ C ot , whereas diffusion of salts, including KCl, from the specimen into the circulation boundary at the bottom of the specimen increases the salt concentration at the outflow boundary such that C b Ͼ C ob ͑Malusis et al. 2001; Kang and Shackelford 2009͒.
Calculation of Membrane Efficiency
For the closed-system boundary conditions imposed in this study, the membrane efficiency, , is calculated in accordance with the following expression ͑Malusis et al. 2001͒:
where ⌬P͑Ͻ0͒ = measured chemico-osmotic pressure difference induced across the specimen as a result of prohibiting chemicoosmotic flux of solution and ⌬͑Ͻ0͒ = theoretical chemicoosmotic pressure difference across an "ideal" semipermeable membrane ͑i.e., =1͒ subjected to an applied difference in solute concentration ͓e. 
where = number of ions per molecule of the salt ͑i.e., = 2 for KCl͒; R = universal gas constant ͑8.314 J mol −1 K −1 ͒; T = absolute temperature ͑293 K in this study corresponding to 20°C͒; and C ot and C ob ͑=0͒ = initial concentrations of KCl ͑M͒ in the source solutions introduced across the top and bottom specimen boundaries, respectively. Values of based on average KCl concentrations or ave were calculated in accordance with the following expression:
where C t,ave and C b,ave = average KCl concentrations across the top and bottom of the specimen boundaries or
and C b and C t are the measured KCl concentrations ͑i.e., via calibration with EC͒ in the circulation outflows from the bottom and top of the specimen boundaries, respectively ͓see Fig. 4͑b͔͒ . 
Volume Changes
Although the membrane testing stages of the tests were performed under closed-system ͑undrained͒ boundary conditions, Kang and Shackelford ͑2009͒ noted relatively small daily volume changes ͑ՅϮ0.6%͒ during membrane testing of GCLs. These small volume changes were attributed to drainage of pore liquid from the specimens during brief periods ͑Յ2 min͒ when the drainage lines were momentarily left open for daily refilling of inflow solutions and sampling of outflow solutions. This drainage was attributed to osmotic consolidation resulting from the increasing concentration of KCl in the specimen pores due to diffusion. After the completion of these refilling/sampling periods, the drainage lines were closed during the subsequent membrane measurement period which lasted approximately 24 h before refilling/sampling was required. Thus, some changes in specimen volume were anticipated during the refilling/sampling portions of the membrane testing stage even though the assumption of undrained conditions existing during the actual periods of measurement of membrane behavior was still expected to be valid. As a result of these considerations, volume changes also were recorded during the membrane testing stage via the cell-water accumulator ͓Fig. 4͑b͔͒.
Testing Program
The entire membrane testing program is summarized in Table 2 . Membrane testing consisted of single-stage ͑SS͒, double-stage ͑DS͒, and triple-stage ͑TS͒ membrane tests based on whether one, two, or three source KCl solutions, respectively, was used in the test. The initial test was a TS test performed on a compacted specimen of unamended NFC and consisted of sequential circulation of solutions containing 3.9, 8.7, and 47-mM KCl. Based on the results of this test, all five subsequent tests were performed on compacted specimens of the bentonite amended NFC. The first of these five tests was a DS test involving sequential circulation of solutions containing 3.9-and 8.7-mM KCl. All of the remaining four tests were SS tests, with two of these tests being conducted with either 3.9-or 8.7-mM KCl for comparison with the results of the DS test and the remaining two tests representing duplicate SS tests using the 20-mM KCl solution.
Results
Compaction and Flushing Stages of Specimens
The compaction properties ͑w , ␥ d ͒ of the specimens tested for membrane behavior are summarized in Table 2 . As shown in Fig. 3 , these compaction properties placed the specimens within the respective AZs for the respective soils, such that the compacted specimens would be expected to achieve measured k values Ͻ10 −7 cm/ s. The results from flushing the compacted test specimens by permeation with DIW prior to membrane testing are shown in Fig. 5 . As shown in Fig. 5͑a͒ , permeation with DIW resulted in measured steady-state k values of 1.5ϫ 10 −8 cm/ s for the compacted specimen of unamended NFC and from 5.2ϫ 10 −9 to 9.6 ϫ 10 −9 cm/ s for the five compacted specimens of bentonite amended NFC. Thus, the k values measured during the flushing stage for the bentonite amended NFC were from 1.5 to 2.8 times lower than those measured during the flushing stage for the unamended NFC, which is consistent with the addition of the bentonite. However, the k values measured during the flushing stage were all slightly lower than the lower limit of k values measured for specimens of the same soils compacted in accordance with standard compaction energy for development of the AZs ͑see Table 1͒ . These slightly lower k values measured during the flushing stage can be attributed, in part, to the use of DIW versus tap water as the permeant liquid during the flushing stage ͑Daniel 1994; Shackelford 1994͒. Particle migration and clogging at the outflow end of the specimens due to the use of the relatively high average applied hydraulic gradient ͑i.e., 204͒ also may have contributed to slightly lower k values during the flushing stage ͓e.g., Shackelford ͑1994͒ and Kodikara and Rahman ͑2002͔͒. However, the k values measured during the flushing stage were generally consistent with those measured for development of the AZs at a much lower hydraulic gradient ͑i.e., 24͒, suggesting that any effect resulting from particle migration was relatively minor.
The temporal trends in effluent EC values shown in Fig. 5͑b͒ are consistent with those previously reported due to permeation of GCLs with DIW ͓e.g., Shackelford et al. ͑1999͔͒ and reflect an initial increase in EC due to the initial flushing of soluble salts within the pores of the compacted specimens with DIW, followed by a gradual decrease in EC due to the continual permeation with DIW and an eventual reduction in the content of soluble salts initially present in the compacted specimens. Overall, the unamended NFC specimen ͑Test No. 1͒ was flushed for 99 days resulting in an effluent EC of 20.6 mS/m or 36.7% of that for the 3.9-mM KCl solution, whereas the compacted specimens of the bentonite amended NFC ͑Test Nos. 2-6͒ were flushed for periods ranging from 145 to 244 days resulting in effluent EC values ranging from 27.1 ͑Test No. 5͒ to 72.0 mS/m ͑Test No. 6͒. Thus, despite the use of a high hydraulic gradient during flushing ͑204͒, the flushing durations required to achieve suitably low EC values were still lengthy.
The significantly longer flushing durations for the bentonite amended NFC can be attributed to the lower k values for these specimens relative to that for the unamended NFC specimen, and the greater concentrations of soluble salts associated with the bentonite portion of bentonite amended NFC specimens. For example, Yeo et al. ͑2005͒ reported a soluble sodium ͑Na + ͒ concentration for the sodium bentonite that was 244 times greater than that for the NFC ͑i.e., 2,097 mg/kg versus 8.61 mg/kg͒.
Boundary EC during Membrane Testing
Values of the EC measured in the circulation outflows from the top ͑EC top ͒ and bottom ͑EC bottom ͒ boundaries during the membrane testing stage are shown in Fig. 6 . These measured EC values reflect the boundary conditions imposed in the tests as described by Shackelford and Lee ͑2003͒ and Kang and Shackel-
of solute mass from the source solutions due to diffusion of KCl into the specimens, whereas the increase in the values of EC bottom with time is consistent with the gain of solute mass in the bottom circulation outflow due to solute diffusion through the bottom of the specimen.
As indicated in Fig. 6 , the elapsed times required to establish steady-state values of both EC top and EC bottom varied between about 7 and 14 days, which are somewhat longer than the Յ7 days typically required in the case of previous results involving membrane testing of GCLs ͓e.g., Malusis and Shackelford ͑2002a͒ and Kang and Shackelford ͑2009͔͒. As noted by Shackelford and Lee ͑2003͒, the time required to achieve steady-state EC is correlated approximately with the time required to reach steady-state solute diffusion through the specimens. As a result, the somewhat longer elapsed times required to achieve steadystate EC in the tests conducted in this study can be attributed, in part, to the greater thicknesses of the specimens tested in this study relative to those associated with the previously tested GCLs ͑i.e., 29.1 mm versus ϳ10 mm͒.
Chemico-Osmotic Pressure Difference
The temporal values in chemico-osmotic pressure differences, −⌬P͑Ͼ0͒, measured by the differential pressure transducer ͓Fig. 4͑b͔͒, as well as the differences between the pressures measured at the top and bottom boundaries of the specimen by the in-line transducers ͓T1 and T2 in Fig. 4͑b͔͒ , −⌬u͑=u top − u bottom ͒, are shown in Fig. 7 . As indicated in Fig. 7 , differences between −⌬u and −⌬P were virtually imperceptible for all specimens ͑i.e., −⌬u Ϸ −⌬P͒, indicating that the measured values of −⌬P were reliable. Also, regardless of the test, virtually no membrane behavior ͑i.e., −⌬P Ϸ 0͒ was observed during circulation of DIW through both the top and bottom boundaries of all specimens. In general, slight deviations from −⌬P = 0 during DIW circulation through both boundaries can be expected, in part, due to slightly different permeabilities associated with the porous disks located on each side of the specimen ͓e.g., Malusis et al. ͑2001͔͒.
In terms of the temporal trends in −⌬P during circulation of the KCl solutions, the results vary depending on type of soil and the magnitude of the KCl concentration in the circulation solution used during the test. For the compacted specimen of unamended NFC ͓Fig. 7͑a͔͒, virtually no chemico-osmotic pressure buildup occurred ͓−⌬P Ͻ 1.2 kPa ͑0.17 psi͔͒ regardless of the concentration of KCl used during the test. In contrast, the buildup in −⌬P for the tests involving the compacted specimens of the bentonite amended NFC ranged from substantial for 3.9-mM KCl ͓Figs. 7͑b and c͔͒ to intermediate for 8.7-mM KCl ͓Figs. 7͑b and d͔͒ to insignificant for 20-mM KCl ͓Figs. 7͑e and f͔͒.
In addition, for the bentonite amended NFC, the temporal records of chemico-osmotic pressure differences between separate tests based on the use of the 3.9-and 20-mM KCl concentrations in the circulation solution are similar ͓e.g., compare Fig. 7͑b͒ versus Fig. 7͑c͒ and Fig. 7͑e͒ versus Fig. 7͑f͔͒ , suggesting good reproduction of test results in these cases. In the case of the 8.7-mM KCl circulation solution, the buildup in −⌬P for the SS test ͓Fig. 7͑d͔͒ was about twice that in the DS test ͓Fig. 7͑b͔͒. This difference in chemico-osmotic pressure records can be attributed, in part, to the prior exposure of the specimen in the DS test to the 3.9-mM KCl solution, which likely resulted in more compressed diffuse double layers surrounding individual particles of bentonite relative to that in the SS test such that the subsequent solute restriction through the pores and corresponding chemicoosmotic pressure buildup upon circulation of the 8.7-mM KCl solution was less significant.
Finally, two atypical trends in the results shown in Fig. 7 deserve attention. First, the durations including DIW circulation for the membrane tests were quite lengthy, ranging from 7 weeks ͓Figs. 7͑a and d-f͔͒ to 16 weeks ͓Fig. 7͑b͔͒. Since there is only one test apparatus, these tests had to be performed sequentially, resulting in a total testing duration of one year ͑i.e., excluding set-up and break-down periods͒. These individual test durations are atypically long relative to the results of previous tests involving GCLs ͓e.g., Malusis and Shackelford ͑2002a͒ and Kang and Shackelford ͑2009͔͒ or SB backfills for vertical cutoff walls ͑Yeo et al. 2005͒ and more circulation stages than were used in this study. As previously noted, the longer test durations encountered in this study can be attributed, in part, to the greater thickness of compacted specimens relative to those for GCLs ͑i.e., 29.1 mm versus ϳ10 mm͒ due to the dependence of the time required to achieve steady-state −⌬P on diffusion of KCl through the specimens.
The second atypical trend is the sudden decrease in −⌬P that occurred in the DS test ͓Fig. 7͑b͔͒ when switching from 3.9-to 8.7-mM KCl. This decrease in −⌬P was not expected because sudden decreases in −⌬P between subsequent stages of multistage membrane tests had not been observed in previous tests involving either GCLs or SB backfills for vertical cutoff walls ͓e.g., Malusis and Shackelford ͑2002a͒, Kang and Shackelford ͑2009͒, and Yeo et al. ͑2005͔͒. One possible explanation relates to the likely difference in the network of pores contained in the different porous media. For example, the network of pores in the compacted specimens of the bentonite amended NFC is likely to be more variable than that in the GCLs since the bentonite amended NFC consists of a small amount of bentonite mixed within natural clay, whereas the GCL consists of 100% bentonite contained between two geotextiles. Although the SB backfills pre- viously tested also were mixtures of soils and had similar bentonite contents relative to the bentonite amended NFC tested in this study, the SB backfills were prepared at much higher water contents to have slumps on the order of 150 mm ͑4.0 in.͒, such that the SB backfills were much softer than the compacted specimens tested in this study. This difference in compressibility also likely resulted in different networks of pores between the SB backfills and the bentonite amended NFC. However, further testing will be required before a more conclusive statement in this regard can be made.
Membrane Efficiency
The membrane efficiencies calculated in accordance with Eq. ͑2͒ ͑ o ͒ and Eq. ͑3͒ ͑ ave ͒ are shown for the compacted specimen of the unamended NFC in Fig. 8 and the compacted specimens of the bentonite amended NFC in Fig. 9 . Values o and ave were calculated using the net pressure differences, −⌬P e , for −⌬P in Eqs. ͑2͒ and ͑3͒, where −⌬P e equals the measured values of −⌬P based on circulation with the KCl solutions, −⌬P KCl , minus the measured value of −⌬P based on circulation with DIW through both top and bottom boundaries at the beginning of the membrane testing stage, −⌬P DIW ͑i.e., −⌬P e =−⌬P KCl − ͓−⌬P DIW ͔͒. In calculating −⌬P e , the maximum value of −⌬P DIW occurring during DIW circulation was used to provide conservative ͑low͒ estimates for −⌬P e and, therefore, low estimates of . In general, the temporal trends in o and ave in Figs. 8 and 9 mimic those in −⌬P shown in Fig. 7 . As a result, the compacted specimen of the unamended NFC indicated little membrane behavior regardless of the concentration of KCl used during the test ͑Fig. 8͒, whereas the membrane behavior for the compacted specimens of the bentonite amended NFC ranged from substantial for 3.9-mM KCl ͓Figs. 9͑a and b͔͒ to intermediate for 8.7-mM KCl ͓Figs. 9͑a and c͔͒ to insignificant for 20-mM KCl ͓Figs. 9͑d and e͔͒. In fact, the membrane behavior for the compacted specimens of the bentonite amended NFC subjected to circulation with 3.9-mM KCl approached 100% based on ave . Also, as previously noted, values of ave tend to be greater than values of o , although the differences between the values of ave and o tended to diminish with increasing KCl concentration in the circulation solution.
The estimated values of o and ave at steady state or o,ss and ave,ss are summarized in Table 3 and plotted as a function of the difference in the initial ͑source͒ concentrations of KCl, −⌬C o ͑=C ot ͒ used in the test in Fig. 10 . As indicated in Table 3 , all of Fig. 7 . Measured chemico-osmotic pressure differences across compacted specimens of ͑a͒ NFC; ͑b͒-͑f͒ NFC plus 5% bentonite at an initial effective stress of 34.5 kPa ͑5.0 psi͒ the steady-state membrane efficiencies for the compacted specimen of unamended NFC were low ͑Յ1.4%͒. In contrast, the steady-state membrane efficiencies for compacted specimens of the bentonite amended NFC ranged from a high of 97.3% based on the average of the boundary concentrations ͑ ave,ss ͒ for the SS test using the 3.9-mM KCl as the circulating solution to only 0.6% for the SS test using the 20-mM KCl as the circulating solution.
As indicated in Fig. 10 , the measured membrane efficiency tended to decrease with increasing concentration difference used in the test. This trend is typical for tests involving clays that exhibit membrane behavior and has been attributed to collapse of the diffuse double layers associated with individual particles of the clay due to an increase in the concentration of KCl in the pores resulting from diffusion ͓e.g., see Shackelford et al. ͑2003͔͒.
Volume Changes
As previously noted, volume changes were recorded during the membrane testing stage via the cell-wall accumulator ͓Fig. 4͑b͔͒ as a check on the assumption of undrained conditions during membrane testing. Even though volume change was prevented from occurring during the actual measurement of the membrane efficiency of the compacted specimens ͑i.e., during KCl circulation between sampling/refilling periods͒, some volume change did occur as a result of osmotic consolidation during the daily brief ͑Ͻ2 min͒ sampling/refilling procedures between the periods where chemico-osmotic pressure differences were recorded. Such volume changes also would be expected in the field ͑e.g., due to migration of solutes through the CCL͒.
The cumulative volumetric strains that occurred generally were negative, corresponding to decreases in the specimen volume ͑i.e., compression͒ and totaled Յ−2.0 and Յ−11.0% for the compacted specimens of the unamended and the bentonite amended NFCs, respectively. Although the magnitude of the impact of these volume changes on the measured membrane efficiencies cannot be quantified, a decreasing specimen volume results in decreasing pore ͑void͒ space, which would be expected to increase solute restriction and, therefore, increase membrane efficiency.
Discussion
Comparison of Measured Membrane Efficiencies
The steady-state membrane efficiencies measured in this study for compacted specimens of the unamended and bentonite amended NFCs are compared in Fig. 11 versus those previously measured for GCLs using the same boundary conditions and concentrations of KCl in the circulating solutions. As shown in Fig. 11 , the values of o,ss and ave,ss measured in this study for the compacted specimens of the bentonite amended NFC at −⌬C o ͑=C ot ͒ of 3.9 mM are substantially greater than those for the GCLs regardless of whether the membrane efficiencies for the GCLs were measured using rigid-wall or flexible-wall cells. However, the values of o,ss and ave,ss for the compacted specimens of the bentonite amended NFC decrease more rapidly with increasing −⌬C o than do the values o,ss and ave,ss for the GCLs. In fact, the threshold concentrations corresponding to the x intercepts of the semilogarithmic linear trends in the measured data shown in Fig. 11 range from approximately 11-to 20-mM KCl for the bentonite amended NFC specimens, whereas those for the GCL were higher, ranging from approximately 37-to 99-mM KCl. The difference in the results can be attributed, in part, to the substantially greater bentonite content in the GCL relative to that in the bentonite amended NFC evaluated in this study. These results also suggest that membrane behavior in natural clays amended with small percentages of bentonite may be substantial at low salt concentrations, but likely will diminish rapidly with increasing salt concentrations unless the natural clay is amended with greater percentages of sodium bentonite.
Practical Significance
The practical significance of the results of this study can be illustrated with the aid of an example analysis showing the influence of chemico-osmosis due to membrane behavior on the total liquid flux through a CCL comprised of the bentonite amended NFC evaluated in this study, as illustrated schematically in Fig. 12 . In general, the total liquid flux through a clay that behaves as a semipermeable membrane, q, at steady state is the sum of a hydraulic component of liquid flux, q h , in response to the difference in total hydraulic head in accordance with Darcy's law, and a chemico-osmotic component of liquid flux, q , in response to a difference in solute concentration or q = q h + q ͓e.g., Barbour and Fredlund ͑1989͒, Shackelford et al. ͑2001͒, and Malusis et al. ͑2003͔͒. The contribution of q to q can be ascertained by normalizing q with respect to q h or q / q h as follows ͓e.g., Yeo et al. ͑2005͒ and Henning et al. ͑2006͔͒ :
where ␥ w = unit weight of water ͑i.e., 9.81 kN/ m 3 assuming dilute solutions͒; ⌬h = total hydraulic head loss across the barrier; = effective or net pressure difference measured across specimen at steady state; −⌬ o = theoretical maximum pressure difference based on difference in initial ͑source͒ boundary concentrations; and −⌬ ave = theoretical maximum pressure differences based on difference in average boundary concentrations at steady state. and all other parameters are as previously defined. Note that q h is assumed to be in the positive x direction ͑see Fig. 12͒ such that the value of ⌬h in Eq. ͑5͒ will be negative ͑⌬h Ͻ 0͒ since the final hydraulic head at the bottom of the CCL ͑h f ͒ will be less than the initial hydraulic head at the top of the CCL ͑h i ͒ or ⌬h = h f − h i Ͻ 0. Typically, for convenience, the pressure head at the interface of the barrier ͑CCL͒ and the underlying soil ͑subgrade͒ is assumed to be zero such that ⌬h =−͑L + h l ͒, where L is the thickness of the barrier and h l is the height of containment liquid, h l , on the barrier ͑see Fig. 12͒ .
In accordance with Eq. ͑1͒, the numerator in the second term in Eq. ͑5͒ represents the chemico-osmotic pressure difference, ⌬P, such that Eq. ͑5͒ can be rewritten as follows:
where ⌬h ͑=⌬P / ␥ w ͒ = difference in chemico-osmotic pressure head across the barrier. The containment scenario considered herein is similar to that associated with the membrane testing conducted in this study ͓e.g., compare Figs. 4͑b͒ and 12͔ since the concentration of chemical constituents in the liquid on the containment side of the CCL ͑i.e., top͒ is greater than that on the outside of the barrier ͑i.e., bottom͒. As a result, ⌬P in Eq. ͑6͒ also is negative, such that q is directed inward toward the containment liquid, thereby reducing the total liquid flux emanating from the containment side via chemico-osmotic counterflow.
The results of the example analysis are illustrated in Fig. 12 in the form of q / q h based on Eq. ͑6͒ versus the source salt ͑KCl͒ concentration as a function of the thickness of the CCL, L, for a height of liquid, h l , of 0.30 m ͑1.0 ft͒. In calculating q / q h , the measured values for ⌬P e shown in Table 3 were used for ⌬P in Eq. ͑6͒. Two observations are readily apparent from the trends in q / q h versus C shown in Fig. 12 , viz., ͑1͒ for a given value of L, q / q h increases with increasing C, and ͑2͒ for a given value of C, q / q h increases with increasing L, i.e., assuming that the membrane efficiency ͑͒ is independent of the thickness of the liner.
With respect to ͑1͒, the magnitude of ⌬ increases with increasing C, but the membrane efficiency coefficient, , decreases with increasing C ͑e.g., see Figs. 10 and 11͒ due to physicochemical interactions, such that the product of these two parameters, ⌬, in Eq. ͑5͒ actually decreases with increasing C, as is evident from the values of −⌬P e reported in Table 3 . As a result, the Fig. 11 . Comparison of steady-state membrane efficiencies measured in this study for compacted specimens of NFC and NFC plus 5% sodium bentonite ͑B͒ versus those previously measured for GCLs: ͑a͒ based on initial boundary KCl concentrations; ͑b͒ based on average boundary KCl concentrations differences ͑RW= rigid-wall cell; FW = flexible-wall cell; SS= single-stage test; DS= double-stage test; L = specimen length; and Ј = effective stress͒ effect of chemico-osmotic counterflow on the total liquid flux emanating from the containment facility diminishes with increasing C. The trend with respect to ͑2͒ is less apparent, since the thinner the liner, the greater the hydraulic gradient driving outward liquid flux ͓i.e., i h =−⌬h / L =−͑L + h l ͒ / L͔. However, decreasing L also increases the inward chemico-osmotic gradient, i ͑=⌬h / L͒, to the same extent such that the effect of L cancels out ͓see Eqs. ͑5͒ and ͑6͔͒. Thus, the only effect of liner thickness is in terms of the hydraulic head loss, ⌬h, where an increase in L increases ⌬h such that the effect of chemico-osmotic counterflow decreases with increasing L ͓i.e., for a given ⌬h ; see Eq. ͑6͔͒.
As shown in Fig. 12 , the effect of membrane behavior can be substantial ͑i.e., for the conditions assumed in the analysis͒, especially at low salt ͑KCl͒ concentrations. At salt concentrations less than 10 mM, the magnitude of the chemico-osmotic counterflow is greater than that for hydraulic flow such that there is no outward liquid flux ͑i.e., ͉q ͉ Ͼ q h , q Ͻ 0͒. At C = 20-mM KCl, there is some outward liquid flux because the magnitude of the chemico-osmotic counterflow is less than that for hydraulic flow ͑i.e., ͉q ͉ Ͻ q h , q Ͼ 0͒, but the magnitude of the outward liquid flux still is reduced by chemico-osmotic counterflow such that q Ͻ q h . Of course, there will be some limiting or threshold value of C beyond which membrane behavior will cease to exist such that q = q h ͑Malusis et al. .
The analysis for the results in Fig. 12 is limited by several assumptions. In addition to the simplifying assumptions already indicated, the assumptions that the containment liquid is comprised solely of a simple salt ͑KCl͒ and that the CCL is flushed to reduce the soluble salt concentrations prior to placement of the containment liquid are probably the most restrictive. In general, higher concentrations of multivalent solutes in the containment liquid and/or in the pore water of the CCL likely would not only increase the hydraulic conductivity of the CCL ͑Shackelford 1994͒ but also reduce the membrane efficiency ͑Shackelford and Lee 2003͒.
However, some additional advantages resulting from the potential existence of membrane behavior in the CCLs also are not included in the aforementioned analysis. For example, solute restriction resulting from membrane behavior reduces not only the liquid flux emanating from a containment facility but also the effective diffusion coefficient of solutes ͓e.g., Malusis and Shackelford ͑2002b͔͒ and, therefore, the overall solute mass flux migrating through the CCL ͓e.g., Malusis and Shackelford ͑2002b͒, Manassero and Dominijanni ͑2003͒, Malusis et al. ͑2003͒, and Malusis and Shackelford ͑2004a,b͔͒. Also, hyperfiltration ͑solute sieving͒ could increase the solute concentration on the containment side of the liner ͓e.g., Whitworth and Ghazifard ͑2009͔͒, thereby potentially increasing the chemico-osmotic pressure head loss, ⌬h , and chemico-osmotic counterflow, q .
Conclusions
The potential existence of semipermeable membrane behavior for a locally available natural clay, known as NFC, suitable for use as a CCL on the basis of low hydraulic conductivity, k, was evaluated. The results of membrane testing a specimen of the NFC compacted such that k was Ͻ10 −7 cm/ s indicated negligible membrane behavior with membrane efficiencies Յ1.4%. In contrast, compacted specimens of the NFC amended with 5% ͑dry weight͒ sodium bentonite exhibited not only lower k than compacted specimens of the NFC but also more significant membrane behavior, with membrane efficiencies as high as 97.3% for the lowest salt concentration difference, −⌬C o , of 3.9-mM KCl used in the testing. This magnitude of membrane efficiency is higher than that previously measured for specimens of a GCL comprised of 100% sodium bentonite and subjected to the same boundary conditions and testing procedures. However, the measured membrane efficiencies for compacted specimens of the bentonite amended NFC decreased rapidly with increasing difference in source concentrations across the specimen, −⌬C o , such that membrane efficiencies as low as 0.6% were measured at −⌬C o of 20-mM KCl. This decrease in membrane efficiency with increasing −⌬C o is more drastic than that previously observed for GCLs, indicating that the higher salt concentrations tend to adversely impact the membrane behavior of the bentonite amended NFC to a greater extent than previously observed for specimens of a GCL subjected to the same testing conditions. This difference in membrane behavior likely is due, in part, to the differences in the amounts of bentonite contained in the two barrier materials and the resulting differences in the pore structures of the materials.
The results of this study suggest that that natural clays that are suitable for use as CCLs for waste containment applications on the basis of the ability to achieve suitably low k ͑i.e., other than sodium bentonites͒ are not likely to behave as semipermeable membranes unless the clay is amended with sodium bentonite or is inherently rich in high swelling clay minerals, such as sodium smectite. In addition, even if the membrane behavior of a natural clay can be enhanced with the addition of sodium bentonite, the percentage of bentonite required to provide sustainable membrane behavior over a wide range in salt concentrations likely will be greater than the 5% used in this study. Further research in this regard is warranted.
The results of an example analysis involving the use of the bentonite amended NFC used as a CCL in a waste containment application indicate that the effect of membrane behavior can be substantial ͑i.e., for the conditions assumed in the analysis͒, especially at low salt ͑KCl͒ concentrations. For example, at salt concentrations less than 10 mM, the magnitude of the chemicoosmotic counterflow was greater than that of the hydraulic flow, such that there is no outward liquid flux. At salt concentrations of 20-mM KCl, there was some outward liquid flux because the magnitude of the chemico-osmotic counterflow was less than that of the hydraulic flow, but the magnitude of the outward liquid flux was reduced by chemico-osmotic counterflow, such that outward liquid flux was less than that which would occur in the absence of membrane behavior. Thus, despite being limited by several simplifying assumptions, the results of the analysis illustrate the potential enhancement to the containment function of compacted clay barriers used for waste containment applications due to the existence of semipermeable membrane behavior.
